aeruginosa PAK (serotype O6) produces a single, polar, glycosylated flagellum composed of a-type flagellin. To determine whether or not flagellin glycosylation in this serotype requires O-antigen genes, flagellin was isolated from the wild type, three O-antigen deficient mutants wbpL, wbpO and wbpP, and a wbpO mutant complemented with a plasmid containing a wild-type copy of wbpO. Flagellin from the wbpO mutant was smaller (42 kDa) than that of the wild-type (45 kDa), or other mutants strains, and exhibited an altered isoelectric point (pI 4.8) when compared to PAK flagellin (pI 4.6). These differences were due to the truncation of the glycan moiety in the wbpO-flagellin. Thus, flagellin glycosylation in P. aeruginosa PAK apparently requires a functional WbpO but not WbpP. Since WbpP was previously proposed to catalyze a metabolic step in the biosynthesis of B-band O antigen that precedes the action of WbpO, these results prompted us to reevaluate the two-step pathway catalyzed by WbpO and WbpP. Results from WbpO-WbpP coupledenzymatic assays showed that either WbpO or WbpP is capable of initiating the two-step pathway; however, the kinetic parameters favored the WbpO reaction to occur first, converting UDP-N-acetyl-D-glucosamine to UDP-N-acetyl-D-glucuronic acid prior to the conversion to UDP-N-acetyl-D-galacturonic acid by WbpP. This is the first report to show that a C4 epimerase could utilize UDP-Nacetyl-hexuronic acid as a substrate.
Pseudomonas
aeruginosa PAK (serotype O6) produces a single, polar, glycosylated flagellum composed of a-type flagellin. To determine whether or not flagellin glycosylation in this serotype requires O-antigen genes, flagellin was isolated from the wild type, three O-antigen deficient mutants wbpL, wbpO and wbpP, and a wbpO mutant complemented with a plasmid containing a wild-type copy of wbpO. Flagellin from the wbpO mutant was smaller (42 kDa) than that of the wild-type (45 kDa), or other mutants strains, and exhibited an altered isoelectric point (pI 4.8) when compared to PAK flagellin (pI 4.6). These differences were due to the truncation of the glycan moiety in the wbpO-flagellin. Thus, flagellin glycosylation in P. aeruginosa PAK apparently requires a functional WbpO but not WbpP. Since WbpP was previously proposed to catalyze a metabolic step in the biosynthesis of B-band O antigen that precedes the action of WbpO, these results prompted us to reevaluate the two-step pathway catalyzed by WbpO and WbpP. Results from WbpO-WbpP coupledenzymatic assays showed that either WbpO or WbpP is capable of initiating the two-step pathway; however, the kinetic parameters favored the WbpO reaction to occur first, converting UDP-N-acetyl-D-glucosamine to UDP-N-acetyl-D-glucuronic acid prior to the conversion to UDP-N-acetyl-D-galacturonic acid by WbpP. This is the first report to show that a C4 epimerase could utilize UDP-Nacetyl-hexuronic acid as a substrate.
Nucleotide-activated monosaccharides serve as precursors to a number of cell-surface glycoconjugates including, lipopolysaccharide (LPS), exopolysaccharide (EPS) and glycosylated proteins of pili and flagella. In some cases, these precursors may be shared between different systems. In Neisseria meningitidis, for example, more than three unlinked loci are required for synthesis and attachment of the pilin glycan (1, 2) . One of these loci includes galE, a gene that is required for synthesis of UDP-galactose, which in turn is required both for the production of lipooligosaccharide and for glycosylation of the pilin subunits (3). In P. aeruginosa strains, dTDP-L-rhamnose is channeled into synthesis of numerous L-rhamnose-containing cell-surface structures including rhamnolipids (4) , core oligosaccharide and O-antigen polysaccharide (5) . This sugar-nucleotide is synthesized by proteins encoded in the rmlBDAC gene cluster, which is unlinked to the gene clusters that are required for synthesis of these glycoconjugates.
Another example of the interrelationship between biosynthesis pathways for cell-surface glycoconjugates is pilin glycosylation in P. aeruginosa strain 1244 (serotype O7). The covalently-attached pilin glycan is identical to the repeat unit from the B-band O antigen, one of two types of O antigen possessed by P. aeruginosa strains (6) . In fact, a mutation in the gene that encodes the initiating glycosyltransferase WbpL, which transfers the first monosaccharide of the O-antigen unit from UDP-N-acetyl-D-quinovosamine (UDP-DQuiNAc) to the lipid carrier undecaprenol phosphate, abrogates pilin glycosylation as well as O-antigen LPS.
P. aeruginosa produces a single polar flagellum that has been shown to be an important virulence factor in pulmonary disease and is important for colonization of the respiratory tract in cystic fibrosis patients and individuals with nosocomial pneumonia (7, 8) . The flagellar filament is composed of flagellin subunits encoded by fliC and in this species flagellin is classified as either a-type or b-type based on their amino acid sequence, apparent molecular weight, and antigenicity (9) (10) (11) (12) . Like the pilin of P. aeruginosa 1244, the a-type flagellin of strain PAK (serotype O6) are glycosylated, although less is known about the nature of the glycosylation (13) (14) (15) . The flagellin of strain PAK contain two variable-length Olinked oligosaccharide chains, each with up to 11 monosaccharides (14) . While the exact composition of the flagellin glycans is unknown, evidence suggests that each glycan begins with an L-rhamnose residue and contains pentoses, hexoses, deoxyhexoses, hexuronic acids and/or deoxyhexoses with amino and formyl substitutions. A cluster of 14 genes, located upstream of the flagellin gene fliC in the PAK genome, has been designated as the flagellin glycosylation island (16) . Two of the genes in this cluster have been shown through individual null mutations to be required for flagellin glycosylation, but the function of the remaining 12 genes remains unknown and, due to the paucity of information about the composition of the glycans, it is not possible to propose a biosynthesis pathway at this time.
The objective of the present study was to determine if flagellin glycosylation in P. aeruginosa PAK (serotype O6) requires genes involved in B-band O-antigen biosynthesis as does pilin glycosylation in strain 1244. The genes responsible for biosynthesis of the serotype O6 O antigen have been characterized and designated as the wbp gene locus (17) and the structure of the O antigen of strain PAK is a tetrasaccharide repeat of
. We isolated and compared flagellin from wildtype PAK and three mutants, wbpL, wbpO, and wbpP. Null mutations in these genes, contained within the O6 O-antigen cluster, have been generated and analysis of the LPS phenotypes from these mutants showed the absolute requirement of these genes for O-antigen production (17) . WbpL is the initiating transferase of O-antigen biosynthesis and transfers the first sugar of the O-repeat unit, Nacetyl-D-quinovosamine (D-QuiNAc), from UDP-D-QuiNAc to the undecaprenol phosphate (C 55 -P) lipid carrier (Fig. 1 ). WbpP and WbpO are required for synthesis of the UDP-N-acetyl-D-galacturonic acid (UDP-D-GalNAcA), a precursor to the galactosaminuronic acid-derived residues of the O antigen. WbpP has been characterized as a UDP-N-acetyl-D-glucosamine (UDP-D-GlcNAc) 4-epimerase (19) and WbpO has been characterized as a 6-dehydrogenase that accepts UDP-N-acetyl-D-galactosamine (UDP-D-GalNAc), the product of WbpP/UDP-D-GlcNAc reactions, and produces UDP-DGalNAcA (20) .
In this study, we show that WbpO is required for flagellin glycosylation, but WbpP is not. This is surprising since WbpP was proposed to catalyze an earlier step in metabolic pathway than WbpO and it prompted us to conduct more in-depth evaluation of the metabolic steps catalyzed by these two proteins in the O-antigen biosynthesis in P. aeruginosa strain PAK. Here we present the biochemical evidence to show that while either WbpP or WbpO could initiate the two-step pathway, the kinetic parameters of the two enzymes indicated a strong preference for WbpO to convert UDP-D-GlcNAc into UDP-N-acetyl-D-glucuronic acid (UDP-D-GlcNAcA) prior to catalysis of this compound by WbpP to generate UDP-D-GalNAcA. ON) .
EXPERIMENTAL PROCEDURES

Materials-UDP-D-GlcNAc
Bacterial Strains-The bacterial strains used in this study have been listed in Supplementary Table S1 .
Analytical Techniques-BLAST (21) and ClustalW (22) were used for the analysis of nucleotide and protein sequences. SDS-PAGE was performed according to the method of Hancock and Carey (23) based on the discontinuous buffer system of Laemmli (24) , except that a mini-gel system was used (Bio-Rad Laboratories, Mississauga, ON). The gels were stained with Coomassie Brilliant Blue R-250 (Sigma-Aldrich). Protein concentrations were determined as described by Bradford (25) .
Capillary electrophoresis (CE) analysis was performed using a P/ACE MDQ Glycoprotein System with UV detection (Beckman Coulter, Inc., Fullerton, CA) as described previously (26) .
Isoelectric focusing (IEF) was performed using an XCell Surelock TM Mini-Cell (Invitrogen). Samples containing flagella were mixed with an equal volume of IEF sample loading buffer and loaded onto Novex ® IEF gels with a range of pH 3-7 and electrophoresis was performed according to the manufacturer's instructions. After electrophoresis, the IEF gel was fixed in 12% trichloroacetic acid for 30 min and then washed with distilled water over a period of 45 min with the water changed every 5 min. The IEF gel was stained with SimplyBlue TM Safestain (Invitrogen) and washed as described by the manufacturer's instructions. For the Western immunoblotting experiment, proteins were transferred from the IEF gel after electrophoresis to Biotrace TM nitrocellulose using a Bio-Rad transfer cell for 1 h at 150 mA using tris-glycine transfer buffer as described by the manufacturer (Invitrogen).
For mass spectrometry (MS), lyophilized flagellin protein was first resuspended in water, and then a 1:1 mixture of protein solution to matrix solution (sinapinic acid in 50% acetonitrile, 0.1% trifluoracetic acid) was made and 1 µl was spotted onto the MALDI plate. Some of the flagellin samples were desalted directly on the MALDI plate by pipetting 2 µl of water onto the spot and removing after 1 min using a gel-loading tip. Analysis of intact flagellin proteins was performed using a matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) MS instrument (model Reflex III, Bruker, Germany) equipped with a 337 nm nitrogen laser (Biological Mass Spectrometry Facility, University of Guelph). The instrument was externally calibrated using various protein standards including cytochrome c, bovine serum albumin, trypsinogen, and alcohol dehydrogenase. MS analysis of intact flagellin was performed in the linear detection mode, in the positive mode, with laser energy set at 35-40%.
Isolation of Flagellin-Flagella were isolated from the different P. aeruginosa strains grown overnight in Davis minimal broth (Difco Laboratories) supplemented with 0.01 mM glucose, 0.8 mM MgSO 4 , 0.015 mM thiamine, and 0.04 mg/ml casamino acids. Flagella were isolated and purified using the ammonium sulfate precipitation method as described by Brimer and Montie (13) . The flagellin preparation was assessed for purity by SDS-PAGE analysis. Preparation of flagella from the P. aeruginosa LPS mutants was more difficult than from the wild-type strain since the LPS mutants were more prone to cell lysis during the initial steps of the isolation procedure, resulting in large amounts of contaminating protein. In the case where the sample was found to contain many contaminating proteins, the sample was brought up to a volume of 200 ml in sodium phosphate buffer and the flagella were again recovered by repeated ammonium sulfate precipitation. Flagella prepared in this manner were about 90% pure but trace amounts of pilin were found to be co-purified in the process.
Adsorption of Nonspecific Antibodies from Anti-FliC Antiserum-Rabbit antiserum to P. aeruginosa strain PAK flagellin, FliC, was kindly provided by Dr. Reuben Ramphal (27) . To increase the specificity, the antiserum was adsorbed against proteins isolated from P. aeruginosa strain PAK-N1, a mutant that does not produce flagella. Whole cell protein lysates were prepared from strain PAK-N1 as follows: 5 ml of a bacterial culture grown overnight in Miller's LB broth, 37 ºC, was centrifuged 13,000 × g for 2 min and the pellet was resuspended in protein sample buffer and boiled in a water bath for 10 min. This protein preparation was resolved on a 10% glycine SDS-PAGE gel and transferred to Biotrace TM nitrocellulose (VWR International, Mississauga, ON). The nitrocellulose was cut into 0.5 × 8 cm pieces. The original antiserum (15 µl) was diluted in 7.5 ml of phosphate-buffered saline (PBS; 125 mM NaCl, 1.5 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 ·12H 2 O, 7 mM KCl, pH 7.0) and sodium azide (final concentration of 0.02%). Five nitrocellulose strips were incubated in the 7.5 ml antiserum for 4 h at room temperature on a CLAY ADAMS Brand Nutator (Becton Dickinson and Co. Mississauga, ON). The strips were then removed, 5 new strips added, and the antiserum was again incubated as described. This process was repeated 5 times with fresh strips each time and the antiserum was stored at −20 °C. The specificity of the antiserum for FliC was tested by Western immunoblotting using flagellin prepared from the wild-type PAK and PAK-N1 (serves as a negative control).
Flagellin Glycosylation DetectionFlagellins were resolved on a 10% glycine SDS-PAGE gel and transblotted onto nitrocellulose. The glycosylation detection protocol of O'Shannessey et al. (28) was used with the following modifications. All incubations took place at room temperature. After transfer of the proteins to the nitrocellulose, the membrane was washed with 10 ml PBS (9 mM sodium phosphate, 27 mM sodium chloride, pH 7.2) for 10 min. The membrane was incubated in 15 mM sodium periodate in 50 mM sodium acetate buffer pH 5.5 for 30 min in the dark. The membrane was washed 4 × 10 min with PBS followed by a 1 h incubation in 5 mM biotin hydrazide, 50 mM sodium acetate buffer. The nitrocellulose was then washed 3 × 10 min in Tris-buffered saline (TBS; 50 mM Tris-HCl, 27 mM sodium chloride, pH 7.2) and then blocked for 30 min in TBS containing 3% BSA. The membrane was washed 3 × 10 min in TBS and incubated for 2 h in a 1:1,000 dilution of alkaline phosphatase streptavidin (Vector Laboratories Inc., Burlingame, CA) in TBS.
This was followed by 3 × 10 min washes in TBS. The membrane was developed using a substrate consisting of 30 mg NBT and 15 mg BCIP in 100 ml of 0.1 M sodium bicarbonate buffer, pH 9.8. The nonglycosylated WbpD protein used as a negative control was purified as described previously (29) .
Construction of pET-28a wbpO-The wbpO gene was cloned into the pET-28a(+) expression vector with an N-terminal polyhistidine tag. wbpO was amplified from genomic DNA (P. aeruginosa IATS O6) by PCR using the following primers: forward primer 5′-GTGCGAAGCATATGAAGGATCT GAAG-3′, which incorporates an NdeI restriction digestion site (underlined); reverse primer 5′-CAACTAAGCTTACAGGCGTAG ATC-3′, which incorporates a HindIII restriction digestion site. The PCR reaction consisted of 100 ng of genomic DNA, 0.5 μM of each primer, 2.5 mM of each dNTP, 1 mM MgSO 4 and 1X buffer. A 5-min denaturation was carried out before the addition of 2.5 units of Pwo polymerase (Roche Molecular Biochemicals), followed by 30 cycles of 30 s at 94 °C, 45 s at 60 °C, and 1 min at 72 °C. A final elongation step of 7 min at 72 °C was performed. Both the PCR product and the pET-28a vector were digested with NdeI and HindIII, purified using UltraClean™ 15 (Mo Bio Laboratories, Carlsbad, CA), and ligated overnight at 15 °C using T4 DNA ligase (New England Biolabs, Pickering, ON). The construct obtained was analyzed by restriction digestion and sequencing, and subsequently transformed into the expression strain E. coli BL21(DE3) pLysS, using kanamycin (50 μg/ml) for selection.
Expression and Purification of Enzymes-For the expression of WbpO, 250 ml of Terrific Broth (TB) (30) containing kanamycin was inoculated with 6 ml of an overnight culture, and grown at 37 °C, 200 rpm. When OD 600 reached 0.6, IPTG was added to a final concentration of 1 mM and expression was allowed to proceed for 6 h at 37 °C. Cells were harvested by centrifugation (Sorvall Evolution RC, Mandel Scientific, Guelph, ON) at 5,000 × g for 15 min at 4 °C and pellets were stored at −20 °C. WbpP and WbpA O5 were expressed as described previously (19, 26) . WbpA O5 from P. aeruginosa PAO1 (serotype O5) has been shown to be a UDP-D-GlcNAc 6-dehydrogenase (26) .
For purification of WbpO or WbpP, the pellet from 250 ml of induced culture was resuspended in 25 ml of binding buffer (20 mM sodium phosphate, pH 7.4, 500 mM sodium chloride). The cells were disrupted by ultrasonication on ice and cell debris and membrane fractions were removed by ultracentrifugation (Beckman L8-M, Beckman Coulter Canada, Inc., Mississauga, ON) at 175,000 × g for 1 h at 4 °C. Purification using the HiTrap Chelating HP column (GE Healthcare, Baie d'Urfe, PQ) was performed as recommended by the manufacturer, with nickel as the chelating ion, and binding buffer containing 300 mM imidazole as the eluent. Following purification, the concentration of sodium chloride in purified WbpO or WbpP was reduced to 50 mM using a PD-10 desalting column (GE Healthcare) according to the protocol recommended by the manufacturer. The purity of WbpO and WbpP was analyzed by SDS-PAGE, and purified protein was stored at −20 °C after the addition of glycerol to a final concentration of 25%. WbpA O5 was purified as described previously (26) .
Enzymatic Reactions-Coupled reactions contained 2 mM substrate (UDP-DGlcNAc or UDP-D-GalNAc), 5 mM NAD + , 50 mM Tris-HCl, pH 8.5, 50 mM ammonium sulfate, 1.8 μg WbpP, 18 μg WbpO, and/or 1.8 μg WbpA O5 . Single-enzyme reactions were incubated for 1 h at 37 °C, whereas coupled reactions were carried out in two steps. After addition of the first enzyme, the reaction was incubated at 37 °C for 1 h, followed by the addition of the second enzyme and further incubation for 1 h.
For the pH and temperature optima studies of WbpO, reactions contained 1 mM substrate (UDP-D-GlcNAc or UDP-D-GalNAc), 2.5 mM NAD + , 100 mM buffer, 100 mM ammonium sulfate and 5 μg of WbpO, and were carried out for 1 h at 37 °C. For determination of the pH optimum, MES (pKa 6.1) was used as the buffer for pH 5, 5.5, 6, and 6.5; and Bis-Trispropane (pKa 1 6.8, pKa 2 9.0) was the buffer for pH 7, 7.5, 8, 8.5, 9, 9.5 and 10. Reactions for the determination of the temperature optimum were carried out at 0, 15, 20, 30, 37, 42, 55 or 65 °C in Tris-HCl, pH 7.5. For both pH and temperature studies, substrate conversion was determined by CE.
The cofactor requirements of WbpO were determined as described previously for WbpA O5 (26) , using 2 μg of WbpO and 100 mM of the salts as listed in Supplementary Table S2 . Reactions were incubated at 37 °C, and the progress of the reactions was followed by measuring A 340 in a Varian Cary 100 spectrophotometer (Varian Instruments, Walnut Creek, CA). Subsequently, the concentration of NAD(P)H produced was determined from A 340 measurements and ε 340 = 6,220 M −1 cm −1 . The data were evaluated using the Enzyme Kinetics Module of Sigma Plot from SPSS Science (Richmond, CA). The fit of the data to the Michaelis-Menten and Hill models by non-linear regression were compared using the square of residuals (R 2 ), the Akaike Information Criterion (AICc) and the standard deviation of the residuals (Sy.x). A model could be judged to be a better fit if it produced a higher R 2 value, a lower AICc and/or a lower Sy.x value. Upon rejection of the Hill model, the data were subsequently fit to the Michaelis-Menten model by non-linear regression (Sigma Plot) and the results are the average of three experiments.
Synthesis and Purification of UDP-D-
Cell Extract Assays-For expression of GalE of Klebsiella pneumonia (33) or Gne of Yersinia enterocolitica (34), 50 ml of LB broth supplemented with 34 μg/ml chloramphenicol and 50 μg/ml kanamycin for GalE or 15 μg/ml tetracycline for Gne was inoculated with 1.25 ml of an overnight culture. Cells were grown at 37 °C for 8 h. For expression of WbgU of Plesiomonas shigelloides, 50 ml of LB broth supplemented with 100 μg/ml ampicillin was inoculated with 1.25 ml of an overnight culture. When OD 600 reached 0.6, expression was induced by the addition of 0.15 mM IPTG, and WbgU was expressed for 8 h at 30 °C. For expression of WbpP, 50 ml of LB broth supplemented with 100 μg/ml ampicillin and 34 μg/ml chloramphenicol was inoculated with 1.25 ml of an overnight culture. Expression was induced by the addition of 0.5 mM IPTG once OD 600 reached 0.6, and WbpP was expressed for 6 h at 30 °C. In all cases, culture were divided into 10-ml aliquots and cells harvested by centrifugation.
To prepare cell extracts, cells from a 10-ml aliquot were resuspended in 1 ml of Na 2 HPO 4 buffer, pH 8.0 and disrupted by ultrasonication on ice (Sonic Dismembrator Model 500, Fisher Scientific, Ottawa, ON). Cell debris were removed by centrifugation at 15,500 × g for 10 min at 4 °C, followed by ultracentrifugation of the supernatant at 117,000 × g for 1 h at 4 °C. For each assay, 2 μl of supernatant from the ultracentrifugation step was used. As a negative control in each case, cell extracts from the appropriate host strain (without the expression vector) were prepared in the same manner as described above.
Modeling of UDP-D-GlcNAcA and UDP-D-GalNAcA in the active site of WbpP-
Three-dimensional structure models of UDP-DGlcNAcA and UDP-D-GalNAcA in energyminimized conformation were generated using SYBYL 6.9 (Tripos Inc., St. Louis, MO). These models were individually positioned in the active site of WbpP based on the crystal structures of WbpP•NAD + •UDP-D-GalNAc (PDB code: 1SB8) and human UDP-D-GlcNAc 4-epimerase•NADH•UDP-D-GlcNAc (PDB code: 1HZJ subunit B) ternary complexes. Conformations of UDP-D-GlcNAcA and UDP-D-GalNAcA in the active site of WbpP were optimized by performing conjugate gradient energy minimization using the Crystallography and NMR System software suite (35) .
RESULTS
Analysis of Flagellin-Flagellin from wild-type P. aeruginosa PAK and the mutant strains were purified and analyzed by SDS-PAGE and Western immunoblotting. Flagellin from wild-type PAK, as well as the wbpL and wbpP mutants showed an apparent molecular mass of 45 kDa, whereas flagellin from the wbpO mutant was 42 kDa (Fig. 2A) . Flagellin isolated from the PAK wbpO mutant complemented with the plasmid pFV616-26a, which contains the wild-type wbpO gene, had an apparent molecular mass similar to that of the flagellin from the wild-type parent. Western immunoblotting of the PAK flagellins with rabbit polyclonal antiserum raised against purified PAK flagellin showed strong reactions with the 45-kDa flagellin proteins isolated from the parent, wbpL and wbpP mutant strains as well as the smaller sized flagellin isolated from the wbpO mutant (Fig. 2B) .
When subjected to isoelectric focusing (IEF), the flagellin isolated from the wbpO mutant exhibited an altered isoelectric point (pI) when compared with flagellins isolated from either the parent, wbpL or wbpP mutants. Based on amino acid sequence, the pI of the FliC (flagellin) protein from PAK is predicted to be 4.9, but this does not include any charge effects that may be contributed by the glycan moiety. In IEF gel electrophoresis, flagellin from the wild type, wbpL and wbpP mutants resolved as multiple isoforms ranging from a pI of 4.6-4.8, with a predominant isoform at pI 4.6 (Fig. 3A) . Flagellin from the wbpO mutant also appeared to have multiple isoforms, but with the predominant isoform focusing at pI 4.8, suggesting that it is less acidic than the flagellin from the parent strain. Flagellin from the complemented mutant, wbpO/pFV616-26a, exhibited an IEF banding profile similar to that of the wild-type flagellin. Western immunoblotting of flagellin bands resolved by IEF using anti-FliC rabbit polyclonal antiserum showed a strong reaction to the predominant protein band in each lane and weaker reactions to secondary bands (Fig. 3B) .
Analysis of Flagellin Glycosylation-A biotin-hydrazide glycosylation assay of the flagellin proteins was performed and the results showed a strongly positive reaction with the flagellins isolated from all strains except for the wbpO mutant (Fig. 4) . Non-glycosylated WbpD and the glycoprotein transferrin were included in the assay as negative and positive controls respectively.
Mass Spectrometry Analysis of Flagellins-MALDI-TOF MS analysis of flagellin purified from strain PAK, the wbpO mutant and the wbpO mutant carrying pFV616-26a showed peaks ([M+H] + ion) at a mass-tocharge ratio (m/z) of 42, 577, 40, 197 , and 41,719 (±10), respectively ( Supplementary Fig. S1 ). Since the molecular mass of non-glycosylated flagellin based on primary amino acid sequence is predicted to be 39,905 Da, these data indicate that the wild-type PAK flagellin contains a covalently bound moiety corresponding to a total mass of 2,671 Da. In contrast, flagellin from the wbpO mutant has an additional mass of 292 Da above that predicted for nonglycosylated FliC, a mass consistent with the addition of two deoxyhexose residues (146 Da each). Flagellin from the wbpO mutant carrying wbpO on a plasmid showed a broad molecular mass distribution at 41,719, indicating that wbpO on a plasmid could complement the defect in flagellin glycosylation, although not to the same glycosylation levels as the parent.
Expression and Purification of WbpO, WbpP and WbpA O5 -WbpO was expressed with an N-terminal His-tag using the pET-28(+) expression vector, with WbpO making up 30-35% of total protein (as estimated from an SDS-PAGE gel). WbpA O5 (serotype O5) and WbpP were expressed to high levels using the pET expression system, with yield and purity of WbpA O5 and WbpP being similar to that previously described (19, 26) . For WbpO, 1.5-2.1 mg of highly purified protein (>98% pure, as estimated from the SDS-PAGE gel) could be obtained from 250 ml of culture ( Supplementary  Fig. S2 ). The apparent molecular mass of WbpO (46.0 kDa) as determined by SDS-PAGE correlates well with the predicted molecular mass of 46.6 kDa. The pI of the His 6 -WbpO fusion was predicted to be 6.0.
CE Analysis of WbpO and WbpP Reactions-CE analysis of reactions containing UDP-D-GlcNAc, NAD
+ , and WbpO revealed two reaction products that eluted at 15 min and 19 min respectively (Fig. 4, trace B) . The product that eluted at 15 min was identified as NADH by comparison to an NADH standard and the product at 19 min (labeled as product I in Fig. 5 ) was subsequently identified as UDP-D-GlcNAcA by NMR (see next section). Similarly, in WbpO-catalyzed reactions containing UDP-D-GalNAc and NAD + , two product peaks eluting at 15 min and 18 min were observed (Fig. 5, trace D) . Again, the product, eluting at 15 min was identified as NADH and the second product (eluting at 18 min, labeled as product II in Fig. 5 ) was subsequently identified as UDP-D-GalNAcA by NMR (next section).
Since UDP-D-GlcNAcA is not commercially available, WbpA O5 (from serotype O5) was used to synthesize this sugar-nucleotide for WbpP reactions (26) . WbpA O5 was used to completely convert UDP-D-GlcNAc (and NAD + ) into UDP-D-GlcNAcA (and NADH; Fig.6, trace B) prior to the addition of WbpP. CE analysis of these WbpA O5 /WbpP sequential reactions showed that WbpP was capable of converting UDP-D-GlcNAcA (eluted at 19 min) into a product that migrates at 18 min (labeled as product III in figure 6 , trace C). This product was identified as UDP-D-GalNAcA by comparison to WbpO/UDP-D-GalNAc reactions (Fig. 6, trace E) .
UDP-D-GalNAcA is also not commercially available and, since WbpA O5 is not capable of using UDP-D-GalNAc, WbpO was used to synthesize UDP-D-GalNAcA for WbpP reactions. WbpO was use to completely convert UDP-D-GalNAc (and NAD + ) into UDP-D-GalNAcA (and NADH; Fig. 6 , trace E) prior to the addition of WbpP. CE analysis of WbpO/WbpP sequential reactions revealed that WbpP is capable of converting UDP-DGalNAcA (eluted at 18 min) into a product that eluted at 19 min (labeled as product IV in figure  6 , trace F). This product was identified as UDP-D-GlcNAcA by comparison to WbpA O5 /UDP-DGlcNAc reactions (Fig. 6, trace B) .
Identification of the WbpO reaction products I and II by NMR spectroscopy-By comparing proton chemical shifts, carbon chemical shifts, coupling constants (Supplementary Table S3 , Supplementary Fig.  S3 ) and correlation patterns obtained using COSY, TOCSY and NOESY experiments (not shown) to those reported in the literature (26), compound I was concluded to be UDP-α-DGlcNAcA. The proton spectrum for compound II revealed that signals for sugar ring protons overlapped with those originating from the UDP moiety ( Supplementary Fig. S4A ). A selective one-dimensional TOCSY of II H1 permitted the assignment of H2, H3, H4 and H5 and also the measurement of coupling constants ( Supplementary Fig. S4B ). Large J 2,3 (11.1 Hz) and small J 3,4 (3.1) and J 4,5 (1.1 Hz) couplings measured for II indicated a galacto ring configuration (Supplementary Table S3) . A strong H3/H5 NOE observed within the twodimensional NOESY spectrum and no H2/H4 NOE confirmed the galacto ring configuration (not shown). Using a 13 C HSQC experiment, the chemical shift of C2 was determined to be δ C 50.2 ppm, which indicated the presence of an Nacetyl group (Supplementary Fig. S4C ), and a HMBC experiment showed the chemical shift of C6 to be δ C 175.4 ppm which indicated a carboxyl group. Based on these results, compound II was concluded to be UDP-α-DGalNAcA.
Determination of Physical Parameters and Cofactor Requirements of WbpO-WbpO is
active over a pH range of 7-10 and has a pH optimum of 8.5 (data not shown). WbpO is active over a temperature range of near 0 to 65 °C, with optimal activity occurring between 37 and 42 °C (data not shown). WbpO requires either potassium-or ammonium-containing salts for activity (Supplementary Table S2 ). The initial rate values are highest when the accompanying anion is kosmotropic, and lowest when the accompanying anion is chaotropic, with a strong correlation between initial rate and placement within the Hofmeister series (36) . Note that (CH 3 ) 4 + -, (CH 3 ) 4 NH 2 + -, and Na + -containing salts were not tested since no activity was detected when these experiments were previously conducted on WbpA O5 (26) , and F − salts were not available at the time of testing.
In the assay where the activity of WbpO was examined in a range of ammonium sulfate concentrations, the initial rate of WbpO increased with increasing salt concentration throughout the range tested (5-300 mM; Fig. 7) . Overall, substrate conversion also increased with an increase in ammonium sulfate up to a concentration of 50 mM, above which overall conversion decreased with increasing salt concentration.
Determination of Kinetic Parameters of WbpO-The kinetics of WbpO catalytic activity was examined by comparing the fit of kinetic data to the Michaelis-Menten and Hill Models using the Enzyme Kinetics Module of Sigma Plot from SPSS Science (Richmond, CA). The level of fit in the Michaelis-Menten and Hill models were compared and evaluated based on the square of residuals (R 2 ), the Akaike Information Criterion (AICc), and the standard deviation of residuals (Sy.x; Supplementary Table S4 ). No significant difference between the two models could be observed with respect to the three criteria, therefore the MichaelisMenten model was subsequently chosen for further kinetic analysis since it has fewer parameters than the Hill model ( Equilibrium Analysis from Cell Extract Assay-When the 3D structure of WbpP was determined by our group, a conceptual model was proposed for the saccharide-binding pockets of three groups of UDP-hexose 4-epimerases (37). Group-1 epimerases preferentially catalyze the conversion between UDP-Glc and UDP-Gal, group-2 epimerases do not show a preference for either UDP-Glc/UDP-Gal or UDPGlcNAc/UDP-GalNAc, and group-3 enzymes preferentially convert between UDP-GlcNAc and UDP-GalNAc. Since UDP-D-GlcNAcA and UDP-D-GalNAcA were not available at the time of that study, cell extracts from one representative of each group was analyzed for the ability of these epimerases to utilize UDP-DGlcNAcA and UDP-D-GalNAcA as substrates. Cell extracts from GalE, Gne, WbgU and WbpP over-expression strains were combined with NAD + and UDP-D-GlcNAc or UDP-D-GalNAc, purchased from Sigma-Aldrich, with UDP-DGlcNAcA purified from UDP-DGlcNAc/WbpA O5 reactions, or with UDP-DGalNAcA purified from UDP-D-GalNAc/WbpO reactions. Each reaction was incubated until equilibrium was reached and the relative abundance of substrate/product at equilibrium was determined by CE analysis in comparison to cell extracts from control strains (without the expression vector). While both WbpP and WbgU were able to efficiently use either UDP-D-GlcNAcA or UDP-D-GalNAcA as substrates, the ratio of the substrate to product at equilibrium (~25-30% UDP-D-GalNAcA/ ~70-80% UDP-D-GlcNAcA) differed from those obtained previously for the non-uronic acid substrates, UDP-D-GlcNAc/GalNAc (~30% UDP-D-GlcNAc/ ~70% UDP-D-GalNAc; Table  2 ). Gne was able to catalyze the epimerization of UDP-D-GlcNAcA to the UDP-D-GalNAc product at low levels (14%), but no activity was detected when UDP-D-GalNAcA was used as a substrate. In addition, GalE did not show any activity when either of the two UDP-uronic acids were used as a substrate indicating a narrower range of substrate specificity for this protein.
Structural Modeling of UDP-DGlcNAcA and UDP-D-GalNAcA Binding in
WbpP-Modeling of UDP-D-GlcNAcA in the active site of WbpP suggested that it could be accommodated in the saccharide-binding pocket of WbpP without causing steric hindrance and could potentially form six hydrogen bonds with the active site residues of WbpP (Fig. 8A) . However, in the case of UDP-D-GalNAcA, there was the potential for only five hydrogen bonds between the saccharide moiety and the active site residues (Fig. 8B ). In addition, there is the potential for steric hindrance since the carboxyl oxygen of UDP-D-GalNAcA and Tyr-166 of the active site are within 2.32 Ǻ as modeled. Any rotation about the C5′-C6′ bond of the saccharide moiety would result in reduced hydrogen bonding potential.
DISCUSSION
P. aeruginosa PAK produces a single, polar flagellum containing a-type flagellin, which has been shown to be post-translationally modified at two sites with O-linked heterogeneous glycans (14) . We investigated the potential role that O-antigen biosynthetic genes might play in the synthesis of these complex glycans by comparing flagellin proteins isolated from wild-type PAK and three mutant strains defective in O-antigen biosynthesis. Flagellins from wbpL, and wbpP mutants have a similar size as the wild type protein (45 kDa), and both were glycosylated. In contrast, flagellin from the wbpO mutant has an apparent molecular mass of 42 kDa, indicating that there is a defect in flagellin glycosylation. Complementation of the wbpO mutant with the plasmid pFV616-26a containing wbpO resulted in flagellin with increased levels of glycosylation. Based on IEF analysis, WbpO-flagellin has a less acidic pI than that of either PAK or the other mutant strains. The mass of the glycosylated wild-type flagellin in our study determined by MALDI-TOF MS was found to be 42,577 (±10) m/z and this mass is consistent with that reported by Schirm et al. (14), whose results suggested that PAK flagellin was modified at two sites with a broad distribution of glycoforms including one corresponding to 42,573 Da. Our data showed that the wbpO mutant flagellin has a mass of 40,197 (±10) Da, which would correspond to the mass of flagellin with two deoxyhexose substituents each with a mass of 146 Da.
Schirm et al. (14) have proposed a structural model for the complex, heterogeneous oligosaccharide glycan chains that are covalently linked to PAK flagellin. This model indicates that there is a central variable oligosaccharide region of two to seven sugars attached to the flagellin by a Rha residue. Although the monosaccharide constituents of the flagellin glycans were determined, the precise chemical structures of glycans have not been elucidated. Our results revealed that the nucleotide activated sugar product of the WbpO reaction, UDP-DGlcNAcA, is required for the synthesis of the variable oligosaccharide chain region of the flagellin glycans. The observation that flagellin from the wbpO mutant had a size consistent with the covalent attachment of two deoyhexose sugars suggests that the sugar provided by the WbpO reaction is located in this central variable chain region. In Schirm's flagellin glycan model, the variable region is proposed to contain monosaccharides of various sizes including hexuronic acids. Whether D-GlcNAcA would be incorporated into the flagellin glycans or requires modification by other enzymes encoded by genes within the flagellin glycosylation island before being incorporated into the glycans is not known at present. Furthermore, since the exact composition of the flagellin glycans is not known, it is not possible at present to propose a pathway for its biosynthesis.
The observation that mutations in wbpL and wbpP did not affect flagellin glycosylation indicates that a complete O-antigen unit is not required before flagellin glycosylation occurs. This is the same conclusion that had been reached by Schirm et al. (14) who could not detect the presence of complete O-antigen units in the flagellin glycan. This is in contrast to pilin glycosylation in P. aeruginosa strain 1244, where an O-antigen unit is O-linked to pilin (6) . Therefore, it appears that P. aeruginosa utilizes distinct mechanisms to glycosylate flagellin and pilin, respectively. It is of interest to note that changes in the bacterial-surface coat observed in clinical isolates obtained from cystic fibrosis patients with chronic lung infection showed a loss of B-band O polysaccharide (38, 39) , the adaptation to a biofilm mode of growth, and a stable non-motile phenotype where the bacterium is no longer producing pili or flagella (40) .
In previous reports, WbpP was shown to possess UDP-D-GlcNAc 4-epimerase activity (19) , and WbpO was shown to be a UDP-DGalNAc 6-dehydrogenase that also possessed low-levels of UDP-D-GlcNAc 6-dehydrogenase activity (20) . Based on this biochemical evidence, WbpP was proposed to act first in the conversion of UDP-D-GlcNAc into the nucleotide-activated uronic acid product. Our surprising result that flagellin glycosylation requires WbpO, but not WbpP, prompted us to re-examine the order of activity of WbpO and WbpP in producing UDP-D-GalNAcA. Furthermore, WbpO was previously expressed with a C-terminal histidine tag and had to be refolded for activity (WbpO Rf ). Based on our recent success with expressing WbpA O5 (a WbpO homologue from serotype O5) as an Nterminal histidine fusion that is active without the need for refolding, WbpO was expressed with an N-terminal histidine tag (His-WbpO). Purified His-WbpO was active without the need for refolding and facilitated purification of sufficient amounts of purified WbpO for kinetic assays. His-WbpO possesses 6-dehydrogenase activity using either UDP-D-GlcNAc or UDP-DGalNAc as a substrate.
To test whether WbpP could use UDP-D-GlcNAcA or UDP-D-GalNAcA as a substrate, WbpP was added after the completion of UDP-D-GlcNAc/WbpA O5 or UDP-D-GalNAc/WbpO substrate-enzyme reactions. The identity of the UDP-D-GlcNAc/WbpA O5 reaction product was previously identified by NMR as UDP-DGlcNAcA (26) , and the product of UDP-DGlcNAc/WbpO and UDP-D-GalNAc/WbpO reactions were identified in this study as UDP-DGlcNAcA and UDP-D-GalNAcA, respectively, also by NMR. In this study the results showed that WbpP could interconvert UDP-D-GlcNAcA and UDP-D-GalNAcA through a C4 epimerization reaction, in addition to its previously reported activity as a UDP-DGlcNAc/UDP-D-GalNAc 4-epimerase (19) . Together with the results of His-WbpO assays, these results showed that in the overall conversion of UDP-D-GlcNAc into UDP-DGalNAcA, WbpO and WbpP are capable of acting in either order (Fig. 9) .
Since His-WbpO did not require refolding and could readily be purified in higher yield as an active enzyme, this has allowed us to carry out a thorough kinetic and physicochemical analysis of His-WbpO. This analysis revealed that there are a number of similarities between the activity of His-WbpO (serotype O6) and that of WbpA O5 (serotype O5). Both enzymes can catalyze a UDP-D-GlcNAc 6-dehydrogenation reaction, both have similar pH (8) (9) and temperature optima (37-42 °C), and both require ammonium-or potassiumcontaining salt for activity. Since no significant activity was observed in reactions containing (CH 3 ) 4 It was also observed that the anions of the NH 4 + -or K + -containing salts appear to play a significant role in stabilizing the enzyme activity of WbpA O5 and WbpO. The effects of these anions correlate well with their placement within the Hofmeister series (36) , whereby the initial reaction rate is increased by anions of increasing kosmotropicity and decreased by anions of increasing chaotropicity, as observed for WbpA O5 (26) and WbpO (Supplementary Table  S2 ).
Examinations of the effect of ammonium sulfate on the activity of WbpO revealed both a concentration-dependent activation and a salting-out effect at high concentrations (Fig. 7) . The activation effect was observed throughout the concentration range, since an increase in the concentration of ammonium sulfate correlated with an increase in initial rate. At high concentrations of ammonium sulfate, however, the overall conversion of substrate to product decreased with an increase in ammonium sulfate concentration, in spite of an increased initial rate. This effect is consistent with the salting out phenomenon characteristically observed with kosmotropic salts at high concentrations. The salting out phenomenon may also explain why reactions containing F − have lower initial rates than the equivalent reactions with SO 4 2− as the anion, despite their ranking in the Hofmeister series.
A comparison of the kinetics of WbpO and of WbpA O5 with UDP-D-GlcNAc as a substrate revealed that WbpO has a lower K 0.5 (47 μM) and higher V max (3.7 nmol/min ) and thus prefers UDP-D-GlcNAc over UDP-DGalNAc. These results were opposite to what has previously been reported for WbpO Rf (20) . This discrepancy is likely due to the requirement to refold the C-terminally His-tagged WbpO enzyme during purification in the previous study. Taken together these results showed that His-WbpO is more efficient than either WbpA O5 or WbpO Rf .
With a Hill coefficient for UDP-DGlcNAc of 1.8, WbpA O5 displays positive cooperativity with respect to binding of UDP-DGlcNAc. In comparison, kinetic data for WbpO did not fit significantly better to the Hill model than to the Michaelis-Menten model and thus, WbpO did not display positive cooperativity. This difference may be due to the fact that, while WbpA O5 catalyzes the first step in the pathway for the biosynthesis of UDP-DMan(2NAc3NAc)A, WbpO may catalyze either the first step or the second step of the pathway for UDP-D-GalNAcA biosynthesis.
Results from previous analysis of WbpP reactions showed that only 30% of UDP-DGlcNAc was converted into UDP-D-GalNAc, whereas the yield of the reverse reaction was 70% (19) . In this study, at equilibrium of the enzyme-substrate reaction using uronic acid substrates, WbpP catalyzed 72% conversion of UDP-D-GlcNAcA into UDP-D-GalNAcA while the yield of the reverse reaction was 27% (Table  2) . Moreover, comparison of the k cat values for UDP-D-GlcNAc (120 min (Fig. 9 ).
There is a dramatic difference at equilibrium between the pair UDP-DGlcNAc/UDP-D-GalNAc, which favors catalysis of UDP-D-GalNAc (and production of UDP-DGlcNAc), and their uronic acid derivatives. With the latter pair of substrates, the catalysis of UDP-D-GlcNAc to the product UDP-D-GalNAc was favored. Since our group has solved the structure and catalytic mechanism of WbpP (37), and given that there have been no reports of C4 epimerase family proteins using nucleotide-Nacetyl-hexuronic acid as a substrate, structural models were created to examine how WbpP might accommodate UDP-D-GlcNAcA and UDP-D-GalNAcA into the active site. The results of this modeling showed that WbpP can accommodate these uronic acid substrates in a similar manner to their non-uronic acid derivatives (Fig. 8) . The results also showed that UDP-D-GlcNAc could form an extra hydrogen bond in the saccharide-binding pocket of WbpP compared to UDP-D-GalNAc. In addition, there is potential for steric hindrance between the 6′ carbonyl oxygen of UDP-D-GalNAc and C4 of the aromatic ring of Tyr-166. Since the saccharide moiety of the substrate is inherently mobile in the active site of WbpP (37) , an additional hydrogen bond could help to stabilize and better align the saccharide moiety of UDP-D-GlcNAc for catalysis. This may be sufficient to promote a higher conversion rate of UDP-DGlcNAcA into UDP-D-GalNAcA at equilibrium than the reverse reaction.
When the three-dimensional structure of WbpP was determined a conceptual model was proposed for the saccharide-binding pockets of three groups of UDP-hexose 4-epimerases (37) . Group-1 epimerases preferentially catalyze the conversion between UDP-D-Glc and UDP-DGal, group-2 epimerases do not show a preference for either UDP-D-Glc/UDP-D-Gal or UDP-D-GlcNAc/UDP-D-GalNAc, and group-3 epimerases preferentially convert between UDP-D-GlcNAc and UDP-D-GalNAc. In this study, cell-extract assays were performed to determine which of the three groups of proteins are capable of catalyzing C4 epimerization using UDP-DGlcNAcA and UDP-D-GalNAcA as substrates. GalE, a group-1 epimerase from Klebsiella pneumoniae (33) was not capable of using either UDP-D-GlcNAcA or UDP-D-GalNAcA, but this is not surprising since GalE could not utilize Nacetylated UDP-sugars as substrates (19, 37) . Gne, a group-2 epimerase from Yersinia enterocolitica (34) , was able to epimerize UDP-D-GlcNAcA at a rather low conversion rate, i.e. only 14% conversion to UDP-D-GalNAcA was observed at equilibrium. Also, Gne could not catalyze the reverse epimerization reaction. This is somewhat surprising since Gne is capable of catalyzing UDP-D-GlcNAc and UDP-D-GalNAc as well as UDP-D-Glc and UDP-D-Gal. Both group-3 epimerases tested, WbpP (P.
aeruginosa)
and WbgU (Plesiomonas shigelloides) were able to utilize either UDP-DGlcNAcA or UDP-D-GalNAcA as substrates although, as discussed above for WbpP, the equilibrium shifts towards greater production of the galacto-epimer (and less production of the gluco-epimer) when the substrates are in the uronic acid form. Thus, the presence of the carboxylic acid group appears to have a significant effect upon the activity of the C4 epimerases resulting in reduced activity for group-2 epimerases and altered equilibria for group-3 epimerases.
In conclusion, we have shown that flagellin glycosylation in P. aeruginosa PAK depends upon the O-antigen biosynthetic gene wbpO, but not wbpP or wbpL. We have also provided kinetic evidence to show that, while WbpO and WbpP can act in either order in the biosynthesis of UDP-D-GalNAcA, and there is a strong preference for WbpO to convert UDP-DGlcNAc into UDP-D-GlcNAcA first before the conversion into UDP-D-GalNAcA by WbpP (Fig. 9 ). In addition, there are a number of similarities in the activities of WbpA O5 (from serotype O5) and WbpO (from serotype O6) as 6-dehydrogenases but there is a difference in their substrate specificity, in that WbpA O5 could not use UDP-D-GalNAc as a substrate. Given these differences and their potential for regulating key metabolic steps, the need for further analysis is clear, and studies are currently underway to determine the three-dimensional structures of WbpA O5 and WbpO. Flagellins were isolated from wild-type P. aeruginosa PAK, three PAK mutants, wbpL, wbpP and wbpO, and wbpO mutant transformed with the plasmid pFV616-26a containing a copy of the wild-type wbpO to complement the mutation. Flagellin isolated from PAO1 was included as negative control. A, SDS-PAGE; B, Western immunoblotting using anti-FliC polyclonal antiserum. The saccharide moieties of substrates were positioned in the catalytically productive orientation with respect to the cofactor NAD + (brown) and the catalytic base Y166. While the saccharide moieties of UDP-D-GlcNAcA and UDP-D-GalNAcA are in different orientations, both substrates interact with a virtually identical set of active site residues (grey; G102/S103, S142, S143, Y166 and N195) to form five hydrogen bonds (green; 3.5 Å or less). In addition, the 2′-N-acetyl group of UDP-D-GlcNAcA forms an extra hydrogen bond with Q201. Note that a peptide bond between G102 and S103 is expected to flip in the presence of UDP-D-GlcNAcA to allow the carbonyl oxygen of G102 to interact with 3'OH of GlcNAcA (41) . This figure was prepared using The PyMol Molecular Graphics System (DeLano Scientific, San Carlos, CA, USA). C HSQC spectrum (128 scans, 128 increments, 1 J C,H = 140 Hz). Spectra were acquired at 600 MHz ( 1 H) with a cold probe (25 °C) and were referenced to an internal acetone standard (δ H 2.225 ppm, δ C 31.07 ppm). R represents ribose. J C,H = 150 Hz). Spectra were acquired at 600 MHz ( 1 H) with a cold probe (25 °C) and were referenced to an internal acetone standard (δ H 2.225 ppm, δ C 31.07 ppm). R represents ribose.
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